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EDITORIAL REVIEW
Carbon dioxide equilibria in the kidney: The problems of
elevated carbon dioxide tension, delayed dehydration, and
disequilibrium pH
Urine with a high concentration of bicarbonate
(HCO), as well as urine that is highly buffered but
with a minor component of HCO, has a Pco2 that
is two to four times greater than that of other body
fluids. The bases for these findings have been debat-
ed for about 30 years and have been connected to
the question of equilibrium between the species
H2CO3/HCO and carbon dioxide (C02) in the tu-
bule. Additionally, high Pco2 of urine has been con-
sidered in relation to the etiology and diagnosis
of renal tubular acidosis. In the last 4 years, new
ideas and data have been generated, which make
possible the synthesis and understanding of the
problem. This essay attempts to set this down, by
isolating the separate aspects of the problem, and
to give the theoretical and experimental solutions.
1) The first aspect is the chemical properties of
sodium bicarbonate (NaHCO3) and the nature of the
rates and equilibria which obtain in its solution. The
critical point is that HCO ion itself is a source of
Pco2, so that distal acidification is not necessary for
the formation of high Pco2.
2) Following from this is the central quantitative
issue that when HCO generates Pco2 higher than
that in the body, the HCO concentration itself may
determine the Pco2. The question is then asked:
how long does it take to generate the high Pco2? Is
there really "delayed dehydration," or "dis-
equilibrium pH"? Recognition is given to the fact
that the Pco2 of distal fluid, and possibly that of
proximal, is higher than that of plasma. Thus. lumi-
nal CO2 is not infinitely diffusible; the system is not
entirely open or closed.
3) The next aspect is the recognition of two df
ferent means of generating high Pco2: high HCO,
as noted, and rapid acidification in a well-buffered
distal solution. The two means must he kept sepa-
rate, in any discussion of the problem.
4) The effect of i.v. carbonic anhydrase in reduc-
ing Pco2 of alkaline urine is reviewed, and the inter-
pretation of such experiments is revised. Taken at
face value, the results appear to show that the en-
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zyme disturbs the equilibrium state—clearly an im-
possibility. The matter is resolved, however, when
we realize that the enzyme has been introduced into
a partially open system.
5) The time for HCO/H2CO:1 to reach equilibri-
um with CO2 is calculated. These results are consid-
ered in connection with earlier data on equilibrium
or disequilibrium pH in proximal and distal tubule.
6) The relations of these findings to the physiolo-
gy of distal hydrogen ion (Hi) secretion and the
problems of renal tubular acidosis are discussed.
These six topics, and their interrelations will now
be conside-ed.
1) Chemical properties f NaHCO. When
NaHCO3 dissolves in water, it behaves like any am-
pholyte, giving rise to both a Bronsted acid H2CO3
CO2 and a base (CO). Values of ionization con-
stants at 37° C and ionic strength of 0.15 are
K' — [HCO3] [H] — 10—61 M (1)[C02] -
and
r=1 ru+iK — —- 10—101 22 - [HCO] --
(Eq. 1 underlies the familiar Henderson-Hassel-
batch relation, in which equilibrium between the
true acid H2C03 and CO2 is assumed, and the true
dissociation constant K1 of H2C03 is replaced by
K.)
These expressions yieid the concentrations of the
various species: specifically, vve solve for the CO2
concentration of solutions of NaHCO:j. The general
and rigorous equation relating the terms of Equa-
tions 1 and 2 (which also includes K, the ionization
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constant of water) is complex, and it may be found
in texts of inorganic chemistry or physical pharma-
cy. When, however, the initial concentration of
NaHCO3 is > than about 4 rni'vi (10-2.4 M), two limit-
ing conditions are fulfilled: (HCO) > K, and
K2(HCOj)> K. Many of the terms in the general
expression become negligible, and the equation re-
duces to
[Hf] = / K . K2
Equation 3 is also directly derived by multiplying
Equations 1 X 2, and by setting [GO2] = [CO].
This is appropriate under the conditions just
described, that is, that the concentration of NaHCO3
is greater than 4 mM.
Equation 3 states that the pH of any freshly dis-
solved solution of NaHCO3 > 4 m'vi is 8.1. Experi-
mentally, the pH of solutions of NaH CO3 from 4 to
1,000 m read from about 8.4 to 7.9, the variation
being due to ionic strength, which lowers pK and
hence pH. Since H is constant for a given ionic
strength and temperature, Equation 1 yields the all-
important fact that the HCO/CO2 ratio is fixed, in
this case at 100. Thus, the Pco2 of a solution ob-
tained by dissolving NaHCO3 in water is deter-
mined solely by the solute concentration.
Only in special cases does this principle apply to
physiological situations, since in most body fluids
[HCO] is about 20 mM, and CO2 is preset at about
1 m or 35 to 40 mm Hg, by the balance of metabo-
lism and respiration. When 1HCO], however, is
rapidly formed and exceeds 100 mrvt, as it may in
pancreatic fluid and urine, the CO2 generated ex-
ceeds that of body fluids and is set at near 1% of the
HCO concentration by the physicochemical rela-
tion described, rather than by physiological factors.
It is this special case of highly alkaline urine with
which we are now concerned, and the principle de-
scribed will be called the "ampholyte effect of
NaHCO3" or simply the "ampholyte effect." Al-
though rigorously described for pure aqueous solu-
tions of NaHCO3, the ampholyte effect can operate
in dilute solutions of CO2. This is the case in vivo,
and holds so long as the boundary condition (CO3)
(C02) is approximately preserved. Consider first
the strict ampholyte effect: the addition of 600 mM
NaHCO3 (pH, 8.0) to an equal volume of water. The
pH rises to 8.15, reflecting the change in ionic
strength. [CO2] and [CO] are precisely equal. What
occurs if NaHCO3 is dissolved in a dilute solution of
GO2? If we add 600 m to an equal volume of 2 mvt
C02, the pH is 8.07, reflecting the slightly higher
final CO2 (3.2 mM) over CO'S (2.8 mM), at -300 mM
HCO. This illustrates that the effect I am describ-
ing (that is, the ampholyte effect) can occur in a so-
lution where the Pco2 is preset at physiological lev-
els. On the other hand, when 5% CO2 is bubbled
through 300 m'vi NaHCO3, a new CO2 concentration
(1 mM) is imposed on the entire solution which is
much less than the equilibrium [CO] of 7.5 mM.
The pH rises to 8.5; the ampholyte effect does not
(3) operate, since CO2 CO'. This situation is not ob-
served in vivo.
2) High urinary HCO and high PCO2. These
chemical principles were summarized in 1974 [1],
and it was later shown that the Pco2 of highly alka-
line urine was indeed a linear function of urinary
[HCO], although the theoretical base of the am-
pholyte effect was not given 12, 3]. A plot of data
from the earlier literature gave the same relation
(GARG LC, personal communication). in retro-
spect, this was not noticed earlier because Pco2 is
also elevated by high buffer concentration when
[HCO7] is relatively low (section 3 below), and the
distinction between this and the high [HCOj], low
buffer situation was not clear.
Other observations from the literature also fall
readily into place once the ampholyte effect is taken
into account. The Pco2 of alkaline urine is inversely
related to the degree of diuresis [4, 5], so roughly
proportional to [HCO]. Data in man [4] show that
at normal urine flow (I mI/mm) and urinary HCO
of about 300 mivi, Pco2 is 114mm Hg, but when the
flow is inceased to about 12 mI/mm and urinary
HCO drops to 40 m, the Pco2 falls to 75 mm Hg,
even though the rate of HCO excretion almost
doubles.a It is also clear from the literature that ele-
vated Pco2 occurs to the same degree when alkaline
urine is produced by a metabolic alkalosis or by car-
bonic anhydrase inhibition [2, 7]. Since acidification
of urine is not a factor in producing high Pco2 in this
"ampholyte" situation, we do not expect or obtain
a reduction of Pco2 by acetazolamide or ben-
zolamide [8] (GARG LC, personal communication).
These results (Table 1) suggest that the high Pco2 is
indeed due to the physicochemical force of the am-
pholyte effect, that is, once HCO in high concen-
tration is formed, high Pco2 will result. Whether or
not this appears in the urine depends on mecha-
nisms available for its dissipation. As shown in
' This shows that there is still an elevation of Pco2 at [HCO]
below that needed for the ampholyte effect, that is, less than 100
m. See also Ref. 6. This is the buffer effect, and described in
section 3 below.
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Table 1. Urinary CO2 equilibria of alkalotic rats: Effect of carbonic anhydrase and of inhibition°
pH
Plasma
Pco2
mmllg
HCO3
mM pH
Urine
Pco2
lnMHg
HCO
mM
Initial 7.69 43 48 8.1 117 300
After infusion of carbonic anhydrase 7.75 38 52 8.4 62 285
Afteracetazolamide,2Omg/kg — — 8.1 140 360
a Data are from Ref. 8.
Table 1 and discussed below, carbonic anhydrase
provides such a mechanism; also it has been shown
very recently [9] that in the rabbit (unlike dog, rat,
and man) urinary Pco2 is not very high in alkaline
urine. This does not alter or weaken the present ar-
gument, but shows that the collecting system or
lower urinary tract of rabbit must be permeable to
CO2.
Thus, it appears that high Pco2 when HCO >
100 mM is not necessarily a result of distal acid-
ification, but is a consequence of HCO being high-
ly concentrated in the lumen by proximal rejection
and by the reabsorption of water, and generates
CO2 toward its equilibrium position (Eq. 1).
We now inquire whether urine samples collected
Disequilibrium in this system means that the relation be-
tween HCO and CO2 in Equation I does not hold; expressed in
another way, the ratio C02/H2C03 (at any pH) is not at the equi-
librium value of 400. Since these equilibria (Eqs. 5 and 6) take a
finite time to achieve, such disequilibria must be considered and
is the subject of the discussion to follow. To measure truly the
disequilibrium situation, all three of the usual variables in the
Henderson-Hasselbaich equation (or Eq. 1) must be independ-
ently measured. The reason is that K or pK is not applicable in
the disequilibrium state, since it depends on the relation between
the equilibrium ratio C02/H2C03 = 400 and the 1K1 (Eq. 4) of
10 M. To find if there is chemical equilibrium, the following or
its equivalent must be dqne. From Equation 4,
[HCO]pH = pK1 4 log
From the measured pH and total CO2, and the known pK of 3.5,
the HCOj and HZCO3 are readily calculated. The Pco2 must be
measured independently, and the observed ratio C02/H2CO3
must be checked against the equilibrium value of 400. If there is
acid disequilibrium, the ratio is <400. However, this approach
has not been made. The usual scheme is to obtain plasma pH,
HCO, and Pco2 by Equation 1, measuring two of the three vari-
ables. The equilibrium pH of luminal urine is obtained as follows:
samples are equilibrated with known Pco2 mixtures, and from
resulting pH/CO2 curves the tubular fluid HCO is derived. With
this and the plasma Pco2, the Henderson-Hasselbalch equation
yields the pH. (Note that the assumption is made that plasma
Pco2 tubular urine Pco2.) This equilibrium pH is then com-
pared with in situ pH measured by glass or antimony electrodes;
acid disequilibrium pH is assumed when in situ pH < equilibrium
p1-I. It is clear, however, that this conclusion would arise if the
Pco2 (of plasma) used to calculate equilibrium pH is lower than
the tubular Pco2 is. Examples are given in section 5 below, and
Tables 3 and 4.
in these studies are at equilibrium for the CO2 sys-
tem, and how long it takes to achieve equilibriurn)
Although the term "delayed dehydration" is always
invoked in discussing high urinary Pco2, the degree
of delay has been stated rarely. Only in one paper
[4] has this been mentioned; without showing calcu-
lations, the conclusion was reached that equilibrium
(of Equation I) is 90% complete in 7 sec. The fol-
lowing gives the solution to the problem in terms of
the kinetics of reversible first-order reactions:
KH + HCO -* HCO2
H2C03 CO + H2O
k_
H + HCO CO2 H20
(4)
(5)
(6)
Equation 4 gives the near instantaneous equilibria
for carbonic acid and its conjugate base; it is unnec-
essary to write rate constants here. Equation 5 de-
fines the rate constants for the uncatalyzed dehy-
dration and hydration of CO2. The numerical value
for k_1 at 370 is 32 sec1, and for k1 it is 0.08 sec,
yielding the familiar CO2/H2CC):i equilibrium ratio of
400 We shall deal with the sum of Equations 4 and
5, Equation 6, for which a pseudo-first-order rate
constant for HCO3 at a given [H], k_2, is set by the
(3ci) relation between k_ia and [H] as given by Equation
6. This dehydration rate constant k_2 may also be
calculated from k1 and the equilibrium ratio or frac-
tion CO2/HCO at the desired p1-I.
There is a second reaction in the system which
exerts influence at pH > 7.8:
5_i
HCO :± CO2 0H
k2
The rate constant k_3 is 5 x l0— sec at 37°.
(7)
For full discussion and definition of these constants, see Ref.
10 The presently used rate constants k1 and k_1 have been newly
determined for 37° C in this laboratory with methods outlined in
Ref. 11. These values are about 40% lower than previously re-
ported [12] but are felt to be more accurate. The value for k_ is
extrapolated from the 25° C constant [10] with the temperature
relations known for the other rate constants.
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Consider the very rapid formation of HCOj at
303 m in the distal lumen, before it can undergo
reactions 6 and 7. How long does it take to ap-
proach the equilibrium (Eqs. 1—3) at which point
HCO3 is 300 mt, CO2 is 3 m, and pH is 8.1?
The equation for opposing first-order reactions is
used [13], and we seek the time (t) to reach 90% of
equilibrium.
t — (C02)e I (C02)e 8(HCO3)1 . (k2 + k3) (CO2)6 X '
where (CO2)e is the equilibrium concentration, 3
mM, (HCO3), is the initial concentration, 303 mM. X
is the amount of CO2 that must be formed for 90% of
equilibrium, in this case 2.7 mM = 90 mm Hg. Solu-
tions to Equation 8 are approximations due to de-
pendence of k2 and (CO2)e on pH, which changes
during the reaction. The solutions given are the
maximum for t. The initial pH, involving only the
species HCO/H2CO3, is given by the type Equa-
tion 3, with K1 for H2C03 = l0M; W = 10-6.8 M.
/ CO2At pH 6.8, k_2 is k11 J=0.Ol6sec',and\ /
the solution to Equation 8 is t = 1.4 sec. As the
reaction proceeds, k_2 decreases as CO2 increases;
the t90 for pH 8.1 is 18 sec. Most of the reaction oc-
curs in the acidic range, with the mean pH at 7.1,
whence t90 = 2.8 sec. It is worth noting that if 1 mr.'i
CO2 is present initially, as may be the case in vivo,
all the above values for t are reduced by two thirds,
since X = 1.7 mrt, the concentration of CO2
formed.
The transit time between the distal convoluted tu-
bule and renal pelvis is about 2 mm [14, 15] when
care is taken to keep the marker volume low (1 nI).
Thus, there is no delay in dehydration; indeed, at
the collecting duct the elevated Pco2 is apparent
[161. If there is no delayed dehydration, there is no
disequilibrium among the species HC03/H2C03
and CO2 as fluid leaves the kidney. An in situ elec-
trode, however, if placed in precisely the correct
location of the concentration of NaHCO3 exceeding
100 m, should (theoretically) record a steady-state
pH below 8.1, as shown by the above formulation.
No H secretion need be invoked since we are
dealing with a simple physicochemical system
which yields high Pco2 in luminal fluid within sever-
al seconds of its formation. The fact that collected
urine from final duct [161 or from bladder [4, 7, 8,
17, 18] has the same Pco2 elevation suggests that
there is no further change in the urinary system or
collecting vessels. The rate of HCO3— — CO2 must
exceed diffusion of the gas under normal conditions,
so that Pco2 remains high. It is only necessary to
accept the fact that the lower urinary tracts of dog,
rat, and man are not infinitely permeable to C02, to
account for the observed facts. Indeed, the high
Pco2 of alkaline urine did not decrease after 30-mm
period of residence in the bladder [18].
This formulation has serious consequences if ele-
vated urinary Pco2 is considered as an index of dis-
tal H secretion. As an example, before the ampho-
lyte effect was considered, it was stated that "uri-
nary Pco2 in highly alkaline urine is a useful
measure of distal acidification" [3]. Within a few
months, the same group, recognizing the ampholyte
effect, stated that "in highly alkaline urine, urinary
Pco2 is largely determined by concentration of uri-
nary HCO3- and cannot be used as solely indicating
distal H secretion" [19]. It was shown that rats,
dogs, and man with defects of urinary concentrating
ability (diabetes insipidus, renal failure, postureter-
al obstruction) could not raise urinary Pco2 in re-
sponse to plasma alkalosis, in the same way as nor-
mal subjects could. The feature common to all of
these was low urinary HCO3- concentration (usual-
ly < 50 mM) and low osmolarity. And it was cor-
rectly stated that the failure to show elevated uri-
nary Pco2 was not necessarily an acidifying but a
concentrating defect [19].d
3) Means of generating high Pco2. The Pco2 of
urine appeared to be related to its buffer concentra-
tion [20], a finding which even then appeared at
odds with the theory of "delayed dehydration"
[17]. Although the latter now appears incorrect, it is
still necessary to show the relationship, if any, be-
tween the high Pco2 found in high HCO3- (> 100
mM) low-buffer urine, (ampholyte effect, section 2)
and that found in urine of moderate HCO3- (20 to 50
mM) and high-phosphate or THAM buffer [6, 7, 20,
21].
Confusion has arisen from claims that phosphate
does not elevate urinary Pco2 [3, 7]. Yet the data in
Ref. 7 show that when urinary HCO3- is about 100
d Ref. 19 deals specifically and fully with the ampholyte effect
following the suggestion that the high Pco2 of highly alkaline
urine is due to the chemical properties of NaHCO3 [I]. It de-
scribes equilibrium states in the CO2 system, but it fails to state
the essential points (see above) that the pH of a solution made by
dissolving NaHCO3 in water is about 8 III], and that the boundary
condition is that LCO2I [C03]. Ref. 19 tells that carbonic anhy-
drase lowers the Pco2 of an open solution by accelerating the
dehydration of HC03 as pictured in Figure 1 below; and that
this does not occur when the solution is kept under oil. Authors
also recognize that H secretion is responsible for high Pco2 in
the presence of phosphate buffer when HC03 is <100 mri.
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Table 2. Comparison of the chemistry of high urinary Pco2
between high HCO3- and high buffer systems in dog
FICO3- Buffer
HC03 cone., m 150—220 24
Phosphate, m None 50
pH 8.0 6.8
Titratable H, p.Eq/min 0 15-50
Urine flow, mi/mm 1—2 1-2
UrinePco2,mmHg —100 —100
Effect of iv. carbonic Reduced to Reduced to
anhydrase on elevated 78—130% 74—105%
urinary Pco2 of plasma of plasma
Effect of i.v. Raised slightly Raised slightly
acetazolamide on [17, 20] [7, 21] (text
elevated urinary Pco2 footnote)
m and urine-to-plasma Pco2 gradient is 8 mm Hg,
imposing a modest urinary phosphate concentration
(27 mM) raises the urine-to-plasma Pco2 to 20 mm
Hg. When urinary HC03 was in the 10 to 40 mM
range and urinary phosphate was negligible, there
was no urine-to-plasma CO2 gradient; phosphate
was infused to yield a urine concentration of 40 mr'vi,
whence urine-to-plasma Pco2 reached 35 mm Hg.
Phosphate did not appear to elevate urinary Pco2 of
highly alkalotic dogs [3], but urinary phosphate only
rose 13 m in the experiment. In normal dogs,
phosphate did elevate urinary Pco2 (from a urine-to-
plasma Pco2 of 19 to 40 mm Hg); here the urinary
phosphate rose 27 m, to reach a concentration of
47 mM [3]. Insufficient weight has been given to the
experiments of Tables 2 and 3 of Ref. 20, which
show that when urinary HCO3 is 200 mrvt and Pco2
is about 75 mm Hg, the addition of 100 m buffer to
urine results in further elevation of Pco2 to about
150 mm Hg. It is clear from these experiments that
buffer can elevate urinary PCO2 at any ph from 6.5
upward, that is, as long as there is some HCO3 in
urine [201.
The early impasse in the field [7, 201 appears in
part due to failure to realize that the high urinary
Pco2 following high HCO alone, and HUO3 plus
buffer have different causes, and so there are two
separate situations to be considered. One group em-
phasized the buffer effect [201; the other, delayed
dehydration of HC03 [7, 17]. The ampholyte effect
was not recognized.
Table 2 compares the two situations, the first of
which has already been considered in detail. Note
that the chemistry of the urine in the buffer situation
is quite different from that of the high HCO3 or am-
pholyte model; despite this, the Pco2 is the same, as
well as the effect of acetazolarnide and of carbonic
anhydrase (sect. 4). Reactions in the buffer system
will now be considered.
Table 3. CO2 chemistry of proximal luminal fluid of rat calculated from Viera and Malnic(VM [291) and Rector, Carter, Seldin(RCS [27])
4d 5d 6 7
Jh
pH
2 H2C03 CO2
From! From2 If at equil.
Equil. 3e +3 in +3 with
atPco2 HC03 situ equil. col.4 Plasma
In situ of plasma m LM LM m mM
Normal
VM [29](N = 16) 6.70 6.84 8.4 5.2 3.9 2.1 1.1
RCS [27] (N = 4) 7.08 7.14 13.8 3.6 3.2 1.4 1.2
NaHCO3
VM [29] (N = 16) 7.35 7.42 36.4 5.1 4.4 2.0 1.6
RCS [27] (N = 33) 7.58 7.53 44.2 3.6 4.1 1.4 1.5
Acetazolamide + normal
VM [29] (N = 13) 6.67 7.08 26.6 18 7 7.2 2.1
Benzolamide + normal
RCS [27] (N 6) 6.75 7.56 37.4 21 3.3 8.4 1.4
Benzolamide + NaHCO3
RCS [27](N 8) 6.67 7.56 46.6 31 4.1 12.4 1.6
a See footnote b of text.
b Direct reading in vivo.
In vivo HCO3 calculated from fluid pH at known Pco2, and in vivo pH calculated from HCO3- (col. 3) and plasma Pco2 (col. 7).
d From Equation 5, using pK1 = 3.5. It is emphasized that col. 5, as col. 3, depends on the use of plasma C02, and may be low, to the
same degree that plasma CO2 may be lower than luminal Pco2.
Col. 4 x C02/H2C03 at equilibrium. This number is 400. Data show what the CO2 would be at equilibrium from measured pH and
HCO3. If there is not equilibrium, the value would be lower. The matter must be put to experimental test (see text). In absence of
carbonic anhydrase inhibition (in VM data), there is either a modest disequilibrium (decrease in the CO2/H2CO ratio) or elevation of CO2
and H2C03 at equilibrium. RCS data suggest equilibrium, at Pco2 = that of plasma. When carbonic anhydrase is inhibited, dis-
equilibrium is clearly generated, and the numbers for CO2 in this column greatly exceed the true values.
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The infusion of phosphate (as well as THAM,
Tris [hydroxymethyll-amino methane) stimulates
W secretion, so that these reactions occur in the
distal lumen, evolving CO2 to 2 to 4 m in solution:
H + HCO - H2C03
H2C08 -* CO2 + H20
Using the same general approach as described
above (Eq. 8), we calculate the time to approach 3
mM CO2 (the equilibrium concentration at pH 7.2)
from luminal fluid containing 40 ms'i HCO3- and I
mM C02, if the rate of H generation itself is not
limiting. For 90% equilibrium the time is 6 sec.e
Since the generation of H is responsible for the
high Pco2 in the present "buffer" case, it might be
supposed that acetazolamide would abolish or at
least reduce the urine-to-blood Pco2 gradient. This
was not the case; 20 mg/kg actually raised the uri-
nary Pco2 in the situation shown in Table 2. Titra-
table acid, however, remains at 30 tEq/min; we
may take this as the uncatalyzed rate, which agrees
with previous data [22] and calculations on chem-
ical grounds [1]. Thus, acetazolamide increases
HCO3- delivery to the distal tubule but cannot re-
duce the relatively small distal H secretion, and
urinary Pco2 remains elevated, or even augmented.
Reduction of H secretion and of urinary Pco2 by
hypocapnia is discussed in section 6.
In summary, Table 2 and the foregoing equations
and literature show that the ampholyte and buffer
situations are fundamentally different. In the former
case, no secretion of acid is necessary, but the latter
depends on it.
The buffer effect can also operate at relatively
low HCO3- and low phosphate concentrations [5, 6],
a fact that has appeared perplexing [19]. But it is
shown that a small amount of H secretion is
enough to generate Pco2 above normal [241, as 2
mM H added to 20 mri HCO3- yielding pH of 7.
Indeed, such an effect is perceptible in vivo at 10
m urinary phosphate 11201. Again, in this situation
acetazolamide does not lower Pco2 [6]; as shown
above for more highly buffered urine, the rate of
distal H production is normally at the level of the
uncatalyzed reaction. The literature shows that this
i generally the case: for example distal HCO3—
reabsorption is actually increased after acetazola-
mide administration [25]; the only demand for distal
carbonic anhydrase activity seems to be in the pres-
ence of very high buffer concentration, either in the
intact animal [22] or in situ luminal microperfusion
[25].
Thus, the ampholyte case and the buffer case
have in common the generation of urine with Pco2
some three times greater than that of plasma. The
passage of fluid through the lower urinary tract does
not lower Pco2 greatly in dog, man, and rat, since
the gas continues in equilibrium with HCO3- in a
situation of somewhat restricted permeability.
Since it now appears that all urine may be formed
with somewhat elevated Pco2 [23, 26], it remains to
be shown clearly why only in the special cases cited
here does high Pco2 persist in the collected urine.
The basis for the difference may simply be that ordi-
nary urine is not high in HCO3- or buffer, and that
CO2 is not generated in the distal system.
4) Carbonic anhydrase to reduce Pc02 of alka-
line urine. There is, then, a simple and rigorous ex-
planation for the elevated Pco2 of alkaline urines,
which does not involve a final disequilibrium be-
tween CO2 and HCO3- (or H2CO2). In the first case
(section 2, ampholyte) the CO2 is generated from
HCO3- alone, and in the second (section 3, buffer),
by the reaction H + HCO3- in the kidney. In nei-
ther case is there disequilibrium for more than 18
sec although transit time through the distal system
is 1 to 2 mm.
What, then, has generated the problems in this
field? First, it had been assumed that the Pco2 in the
lumen is equal to that of blood, so that the observed
high urinary Pco2 appeared to be generated after the
fluid left the kidney. Second, perhaps more serious
and misleading, but appearing to support the first, is
the interpretation of experiments in which carbonic
anhydrase is injected i.v. and the Pco2 of urine stud-
ied. The same finding is always made [8, 17, 211: the
Pco2 of collected urine decreases toward that of
plasma, often reaching that value (Table 2). The
measurement made is that of pH, which rises 0.2 to
0.3 U following the injection of enzyme. The term
"delayed dehydration" for the condition of ele-
(9)
(10)
0This follows from Equation 8 above. As described there, the
initial pH is 6.8, so that the mean pH is about 7.0, whence k_2 =
0.01 sec'. (COz) = 3 m and (HC03)1 = 40 mi. X 1.7 mM
since initial CO2 = 1 mvi; t90 6 sec. Note that this solution will
not be appreciably different for other values of (HCO3), since k_2
changes with pH to keep (HCO3-) . k2, the chief determinant oft
in Equation 8, constant.
Dr. Stinebaugh gave 20 mg/kg acetazolamide to a dog with
high Pco2, following infusion of neutral phosphate (Table 1 of
Ref. 21). The Pco2 rose from about 90 to 120mm Hg; there was a
large increase in 1-1CO excretion, but urine [HCO3i did not
exceed 40 mt. Titratable acid excretion dropped somewhat after
the drug administration, but not below 30 pEq/min, a rate also
found earlier in presence of high phosphate and complete inhibi-
tion (Table 20 of Ref. 22).
a300
3
pH8.10
1 hr
1 hr / \ carbonic/ \ anhydrase/ or stirred
pH, 8.18 b C pH, 8.42
vated Pco2 was based on the assumption that in the
lumen the urine Pco2 was normal (40 mm Hg), but
this gradually increased to some 70 to 120 mm Hg as
it was excreted. When there is the artifice of car-
bonic anhydrase in the lumen, Pco2 remains at near
40 mm Hg.
Consider the experiments with high urinary
HCO3- and no other buffer, in dog [17] and in rat
181; the interpretation of "delayed dehydration" is
not tenable. The control urine as collected has a to-
tal CO2 of about 200 m in dog and 300 m in rat.
The pH is 8.1 in both cases as Equation 3 demands.
Applying Equation 1, the Pco2 is calculated at 80 to
120 mm Hg. (The equation implies equilibrium be-
tween HCO3 and C02, but since the urine is col-
lected and analyzed over a period of at least 15 mm,
this condition is surely fulfilled.) This is the ampho-
lyte effect described in section 2. Carbonic anhy-
drase is then injected i.v. in a large dose; the en-
zyme is readily filterable and appears in the urine.
The observed single effect is a rise in pH of some
0.2 to 0.3 U, so that the calculated Pco2 falls to 40 to
60 mm Hg as shown in Tables I and 2 [8, 17]. The
same occurs if the pH is measured with an intra-
tubular glass electrode [27] or in fluid withdrawn
from the collecting duct [161. Consider, however,
that the enzyme appears to move the equilibrium to
a new state, in which H and Pco2 are lower and the
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HCO3- is unchanged (see Equation I). Yet an en-
zyme, by definition, alters rate, not equilibrium.
How can this happen? If we add carbonic anhy-
drase to an equilibrium solution of NaHCO3, or to
an alkaline urine, and then measure the pH, there
will be, as theory demands, no change if the system
is closed. The in vivo system, however, is not
strictly closed or open or in true thermodynamic
equilibrium. If a sodium bicarbonate solution, or an
alkaline urine is left unstirred in an open flask, the
pH will rise slowly and the Pco2 will fall [28]. Such a
system (Fig. 1) is semiclosed, like the urinary tract,
since diffusion is restricted. In Fig. 1 (a — b) as gas-
eous CO2 escapes, the equilibrium shifts raising pH.
When the solution is stirred, the shift will accelerate
(Fig. I, a — c). Carbonic anhydrase added to an
unstirred solution also accelerates the process,
since CO2 is more rapidly formed through the solu-
tion, including the gas-water interface, increasing
the rate at which it escapes (Fig. 1, a —* c). The
ampholyte effect is thus modified or abolished in a
stirred solution of NaHCO3, or in one containing
carbonic anhydrase, because the boundary condi-
tion (C02) = (CO3) is destroyed by the loss of CO2.
Note that a dilute unbuffered solution of NaHCO3
loses CO2 even more rapidly (Fig. 1, d — e), ex-
plaining the lowering of Pco2 in normal urine be-
tween distal lumen and collection [18, 231. If these
4mM NaHCO3 8 m P04 buffer (pH, 7.0)
303 m NaHCO3 initially gassed with 8% CO2 initially gassed with 8% CO2
4mM NaHCO3
+
d
4
1.6 —
pH,6.50
1 hr
3 —
0.2
pH, 7.30 e
82 ...
pH,6.70
1 hr
1 hr / \ carbonic/ \
pH, 6.76 g h pH, 6.94
Fig. 1. CO2 equilibria in laboratory beakers containing 50 to /00 rn/fluid, showing partial
restraint to CO2 loss. Horizontal lines ( ) indicate relative HCO3— concentration in
each frame. Dots (.) represent relative CO2 concentration throughout. Fractions show
HCO3ICO2 concentrations. The gradients shown by dots in band g are hypothetical, to show
that without enzyme or stirring, CO2 at the surface can be less than in bulk solution. In all of
these situations there is chemical equilibrium, that is, C02/H2C03 = 400.
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were absolutely closed systems, CO2 could not
leave; if they were completely open and maximally
stirred, the CO2 would leave instantly, reaching
equilibrium with the air. What appears to happen is
that normally in the lower urinary tract the urine
behaves like Fig. 1, a — b, the CO2 concentration
does not change much (almost closed). But when
carbonic anhydrase is added, the system opens fur-
ther with respect to CO2 (Fig. I, c), and equilibrium
with air is more rapidly approached.
Carbonic anhydrase also reduces the Pco2 of
urine which had been elevated by the action of buf-
fer 121]. The mechanism is just as described in the
preceding paragraph; it does not indicate delayed
dehydration, but that enzyme appears to bring the
Pco2 of the urine into diffusion equilibrium with tis-
sue and blood Pco2, as urine passes through the col-
lecting duct and lower urinary system. A buffer sys-
tem is shown in Fig. l,f—* h. The artifact of added
carbonic anhydrase promotes generation of CO2
through the solution, leading to a relatively high
concentration at the air interface and a more rapid
escape.
Thus, the experiments with injected carbonic an-
hydrase do not give information on rates of dehy-
dration of HC03 or achievement of chemical equi-
librium: they are consistent with the idea that Pco2
is normally high in distal urine when there is high
HCO3 or buffer present.
5) Calculation of time for HCO/H2CO3 to
reach equilibrium with CO2. With theoretical and ex-
perimental bases for high luminal Pco2 [16, 23, 26],
we nay reconsider formulations of the acid-base
chemistry of luminal fluid. Tables 3 and 4 set down
the chief studies in the field, analyzed with regard
for the concentrations of HCO3, H2C03, and C02,
as well as in situ and "equilibrium" pH.
In the proximal tubule (Table 3), the in situ pH
and HCO3- yield a luminal CO2 concentration
which is the same or modestly higher than that of
plasma. There is no way to tell from these data
whether there is a small disequilibrium pH or an ele-
vation of C02; if we accept, however, the latter at
the magnitude reported elsewhere [23, 26], there
would be no disequilibrium pH. In the first row, for
example, (from Ref. 29) if CO2 is taken as the value
in column 6, which is almost identical to the 65 mm
Hg reported [231, the true equilibrium pH would be
equal to 6.1 + log (8.4/2. 1) = 6.7, the same as that in
situ, It remains unexplained why CO2 is not ele-
vated in the data of Ref. 27.
The genesis of this line of research had been the
suggestion [301 that if a) all proximal HCO3- reab-
sorption was mediated by H secretion, and if b) the
tubule were impermeable to H2CO3, luminal H2C03
would rise to some ten times its equilibrium value,
yielding an acid disequilibrium pH of 1.0. As dis-
cussed elsewhere [221, I believe that proposition a
is but partially true, so that luminal H2CO3 might
rise four times, yielding disequilibrium pH of 0.6.
But proximal disequilibria are not observed (Table
3), and the reason is clear: H2CO3 is reasonably per-
meable and, in the cell, having access to carbonic
anhydrase, is rapidly dehydrated [1]. The result of
these two events lowers the luminal H2CO3 to (near)
its equilibrium position with CO2. Some dis-
equilibria have been noted in respiratory and meta-
bolic acidosis, but disequilibrium pH has never ex-
ceeded 0.31 and is usually much less [311.
When carbonic anhydrase is inhibited, the dehy-
dration step is of course slowed, and H2C03 is ele-
vated throughout—presumably in the cell and
surely in the lumen (Table 3, rows 5 through 8).
There is true disequilibrium, H2CO3 reaching 18 to
31 /M, four to six times normal. Ratio of CO2/
H2CO3 is thus about 100, assuming that CO2 is un-
changed. The CO2 entries of column 6, rows 5
through 8, are "nonsense" values, clearly falsely
high and what would be demanded for equilibrium
with the measured H2CO3.
In the distal tubule (Table 4) a problem is encoun-
tered because the two groups (VM [29] and RCS
[27]) yield different results. From VM, both normal
and alkalotic, the data are not greatly different from
those of proximal tubule. In situ pH and [HCO3]
yield luminal equilibrium CO2 (column 6) higher
than plasma. If luminal CO2 plasma C02, there is
a disequilibrium pH of about 0.3. Either could be
true; if we accept a Pco2 value of 65 mm Hg (2.0
mM) for luminal fluid [23], the true equilibrium pH
would be 6.6, implying a slight (0.15) disequilibrium
pH. In the data of RCS, however, the difference be-
tween in situ and calculated equilibrium pH (col-
umn 2) is too great to be accounted for by use of low
Pco2. Unfortunately, there are no HC03 measure-
ments in this series, but it is clear from Table 4, row
3, that even if luminal CO2 were 3.2 m, twice that
of plasma, the disequilibrium pH would still be im-
pressive, 0.56. Finally, row 4 gives the compelling
evidence that i.v, injection of carbonic anhydrase
brings the in situ and equilibrium pH together, pre-
sumably by lowering H2CO3 from some 30 M to its
equilibrium (with C02) value of about 4 M. This is
the correct use of carbonic anhydrase; a steady-
state disequilibrium in Equations 9 and 10 is cor-
rected to equilibrium by the acceleration of reaction
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Table 4. CO2 chemistry of distal luminal fluid of rat calculated from Viera and Malnic (VM [29]) and
Rector, Carter, and Seldin (RCS [27])
1 2
pH
3
4 5
H2C03
6
CO2
7
—
Froml
+ 3 in
From2
+ 3
Ifatequil.
withEquil.
at Pco2 HCO3- situ equil. col. 4 Plasma
In situ of plasma mM /LM fLM mM m
Normal
VM [291 (N = ii) 6.45 6.79 6.3 7.0 3.2 2.8 1.1
NaHCO3
VM [29] (N = 12) 7.41 7.65 72.6 8.9 5.1 3.5 1.6
NaHCO3
RCS [271(N = 24) 6.88 7.74 — — — — 1.6
NaHCO3 + carbonic anhydrase
RCS [27](N = 10) 7.70 7.68 — — — — 1.6
Acetazolamide + normal
VM [29](N = Il) 7.10 7.64 74.0 18 5.4 7.2 2.1
a See Table 3 footnote for explanation. As for the proximal tubule, the normal difference between column I and column 2, or column 4
and column 5 can be due to either disequilibrium between C02/H2C03 (r = <400) or the use of incorrect (low) CO2 to calculate column 2
and column 5. However, the fact here that carbonic anhydrase obliterates the difference and inhibition widens it, shows that there was
indeed an initial disequilibrium. Thus, the numbers of column 6 are all falsely high. The magnitude of disequilibrium is unsettled, since in
VM it is about 2 x (r = 200) and in RCS about 7 x (r = 60).
10. The RCS data [271 suggest that in the distal tu-
bule, reaction 9 proceeds faster than H2C03 can dif-
fuse into the cell for catalytic dehydration, a situa-
tion "corrected" by the artifice of introducing the
enzyme into the lumen.
Although unsatisfactory from a quantitative point
of view, it seems likely that there is some excess of
H2C03 over CO2 in the distal tubule under normal
and alkalotic conditions. But until there are con-
gruent data and independent measurements of pH,
C02, and HC03, the degree of disequilibrium re-
mains unresolved.
With respect to the related subject of HC03
reabsorption, it should be noted that the magnitude
of disequilibrium pH in the proximal tubule is small
even when carbonic anhydrase is inhibited. In the
VM experiments [29], acetazolamide only increased
the disequilibrium 0.27 pH units. It seems unlikely
that disequilibrium generates a major force in the
reabsorption of HCO3—, as is frequently stated [32],
and it remains the case that a quantitative con-
nection between these has not been made.
6) Physiology of distal H secretion and problems
of renal tubular acidosis. Studies of distal (classical
or type I) renal tubular acidosis (RTA) are made dif-
ficult by refusal of workers in the field to admit the
possibility that proximal HCO3 reabsorption can
occur "as such" and without H secretion [331.
This fact precisely fits the findings that distal RTA is
largely a disorder of acidification, while the proxi-
mal disease (type II) is largely one of failure to reab-
sorb HCO3—. Recognition of this greatly simplifies
discussion, since it indicates a real chemical dif-
ference between the two, rather than a cloudy dis-
tinction between "a reduction in acid excretion dur-
ing acidosis" (type I) and "reduction in net renal
H+ at normal plasma HCO3-" (type II) [33] or a
purely anatomical difference. Focusing now on the
distal acidification defect, we ask whether the Pco
of urine is an appropriate tool for the understanding
and diagnosis of the disease.
With the recognition of the "ampholyte effect" it
was pointed out [19] that the diagnosis of distal
RTA by the failure to show elevation of urine-to-
blood Pco2 in alkaline urine was not appropriate
11341; if Pco2 is determined by the concentration of
HC03, it cannot be used to judge capacity of distal
cells to secrete H. But the present discussion
shows that elevation of Pco2 has one of two causes,
the "ampholyte" effect, and rapid renal acid-
ification, that is, the "buffer effect." The first of
these Pco2 is a function of the concentration of
HC03; in the second, however, the elevated Pco2
results directly from the acidification of HCO3, and
thus under standardized conditions might be used to
assess distal H secretion. How may this relation
be studied?
As shown above (Table 1; text footnotej), inhibi-
tion of carbonic anhydrase does not reduce distal
acidification enough to lower Pco2 of urine; in fact
Pco2 rises because of the increased HC03 delivery.
This leaves hypocapnia as the best experimental
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means to repress distal H secretion.5 When this oc-
curs, the Pco2 of urine does fall, as follows [35]: The
experiments were done in alkalotic rats, with urinary
(HCO3-) about 100 m. Urinary phosphate was
about 16 m, blood Pco2 was 41 mm Hg and, that of
urine was 67 mm Hg. Hypocapnia was induced,
with pains to match urine flow and HCO3 and
phosphate excretion with the normocapnic alkalotic
controls. Blood Pco2 dropped to 26 mm Hg, and
that in urine dropped to 37 mm Hg. Note the much
greater drop in urine than in the blood. These exper-
iments strongly suggest that under these conditions
the elevation of Pco2 does reflect H secretion.
Returning to the question of using Pco2 to assess
distal acidification: If attempted, it is essential to
measure urinary {HC03] concentration, so that the
contribution of the ampholyte effect can be gauged.
Conditions should be chosen to rule it out; the ef-
fect of neutral buffer on distal acidification rate and
the resulting Pco2 elevation may then be an index
for RTA. The range of elevation of Pco2 (or depres-
sion in disease), however, is far less than the range
of titratable acid itself following a buffer load. The
measurement of acidification rate seems more di-
rect, quantifiable, and closer to the heart of the dis-
ease than is the measurement of Pco2. This last, as
we have seen, is one step away from the basic proc-
ess and may be subject to explanations other than
that of distal acidification.
Conclusions
The Pco2 of highly alkaline and buffered urines is
two to four times greater than that of blood. This is
not a special property of collected urine (that is, of
delayed dehydration as urine leaves the kidney),
but it reflects the chemistry of nascent urine in dis-
tal tubule and collecting duct. CO2 concentration in
urine of [HCO3-] > 100 m exceeds that of plasma
because of the ampholyte properties of NaHCO3,
which dissociates to yield CO2 at 1% of any HCO3
concentration. Thus, the Pco2 of highly alkaline
urine reflects the chemical properties of NaHCO3.
CO2 concentration of urine containing lower
[HCO3-] and buffer is also high, because distal H
secretion generates high H2C03 tCO2 which is not
entirely dissipated as it passes through the lower
The precise chemical pathway through which this occurs is
not known. Low Pco2, in the presence of carbonic anhydrase,
would not in itself lower acidification (since the enzyme can
function at very low Pco2) if there were not some signal or con-
trolling factor to shut off the cellular machinery for secreting H
urinary tract. Thus, the Pco2 of high [HC03] urine
does not appear linked to H secretion, but the
Pco2 of neutral buffered urine may be an index of
H secretion. The diagnosis of renal tubular acid-
osis based on elevated urinary Pco2 is subject to
these qualifications.
High luminal Pco2 may be recognized as an equi-
librium situation in view of three considerations:
First, the dehydration of HCO or H2C03 in the
absence of carbonic anhydrase (as in the normal
tubular lumen) is rapid enough (<18 see) to ensure
equilibrium between these species and CO2 within
the transit time (1 to 2 mm) through the tubule. Sec-
ond, CO2 is not infinitely permeable across urinary
epithelia, so that gradients do exist and have been
measured. Third, the experiments in which carbon-
ic anhydrase is injected i.v. and lowers urinary Pco2
do not indicate the achievement of equilibrium but
the loss of CO2 from the urine as it passes through
the kidney and lower urinary tract.
Disequilibrium between CO2 and H2C03 probably
does not occur in the proximal tubule; there is some
but not conclusive evidence for disequilibrium dis-
tally. Independent measurements of pH, C02, and
HCO3- are necessary to solve the problem.
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